Background/Aims: ATP is essential for mammalian sperm to survive and maintain fertilizing capacity. AMP-activated protein kinase (AMPK) is a sensor of cellular energy status. The aims of the present study were to explore the localization of AMPK in goat sperm and to investigate whether and how AMPK regulates sperm functions in vitro. Methods: Sperm were treated with AMPK modulators (AICAR, metformin and Compound C) during incubation. Sperm motility was assessed with a computer-assisted spermatozoa analysis system (CASA). Membrane integrity, acrosome reaction and mitochondrial membrane potentials were detected by SYBR-14/PI, FITC-PNA and JC-1 staining, respectively. And the lactate content, ATP content, AMPK activity, activity of pyruvate kinase (PK) and lactate dehydrogenase (LDH) were also measured with the commercial assay kits. Immunofluorescence staining was used to analyze the distribution of PK, LDH, AMPK and phospho-Thr172-AMPK in sperm. The role of AMPK was further studied during induction of capacitation and acrosome reaction. Results: We found that AMPKα was localized in the entire acrosomal region, the midpiece and the flagellum, while the phosphoThr172-AMPK was distributed in the head, the midpiece and flagellum. Activation of AMPK by AICAR and metformin significantly improved sperm motility, membrane integrity and acrosome reaction, largely maintained sperm mitochondrial membrane potentials, lactate content and ATP content, and enhanced the activity of AMPK, PK and LDH, whereas inhibition by Compound C triggered the converse effects. Moreover, PK was localized in the acrosomal area and the midpiece, while LDH was distributed in the tail. Induction of capacitation and acrosome reaction led to AMPK phosphorylation. AMPK phosphorylation regulated the activity of energetic enzymes. Conclusion: This study for the first time provides evidence that AMPK governs goat sperm functions through energy metabolism in vitro. This finding will help to improve assisted reproductive techniques in goats and the other species.
Introduction
Mammalian sperm are specialized cells that require abundant ATP as energy source to chronically maintain motility. Capacitation is a process in which sperm undergo biochemical changes before fertilizing eggs [1] . The protein tyrosine phosphorylation is one of the most important intracellular signaling events regarded as a meaningful indicator for capacitation [2] . After capacitation, sperm display hyperactivation that is a special movement because of the increased flagellar bending with asymmetric waveform [3] . Hyperactivation is helpful to release of sperm from the oviduct reservoirs and to penetrate the extracellular matrix of the eggs [4] . When sperm approach the egg, they go through a process known as the acrosome reaction that removes plasma membrane in the area of acrosomal cap and exocytosing acrosomal content [5] . ATP is needed for both hyperactivation and acrosome reaction [6] .
AMP-activated protein kinase (AMPK) is a key cellular sensor of energy status [7] . AMPK is a heterotrimeric protein composed of a catalytic α subunit and two regulatory submits β and γ [8] . Within the α subunit, a typical serine/threonine protein kinase domain is at the N-terminus, while a regulatory domain at C-terminus, which is activated by phosphorylation of the Thr172 residue that located at the critical activation loop of the α subunit [9] [10] [11] . Activation of AMPK speeds up ATP production via catabolic pathways to maintain cellular energy state [12] .
Hurtado de Llera et al. reported that AMPK was expressed in boar sperm [13] . Subsequently, evidences have shown that AMPK was also present in stallion [14] , chicken [15] and human [16, 17] sperm. On one hand, AMPK activation enhanced sperm motility [13, [15] [16] [17] [18] [19] , acrosome reaction [15, 19, 20] . On the other hand, AMPK inhibition led to a significant decrease in motility, mitochondria membrane potential and acrosome integrity during long-term storage of boar semen [21] . However, Shabani Nashtaei et al. demonstrated that AMPK inhibition did not affect membrane integrity in human sperm [17] . Moreover, Cordova et al. [14] reported that addition of neither AMPK activators nor AMPK inhibitors to the freezing extenders affected motility, membrane integrity and acrosome integrity in stallion sperm.
Dairy goat provides abundant meat, wool and milk. As such dairy goat has an important economic value in China. Artificial insemination is widely used in goat industry. Developing a strategy to improve sperm fertilization is of importance. To date, whether and how AMPK regulates goat sperm functions are unknown. Therefore, the present study was conducted to detect the localization of AMPK and phosphorylated Thr172 AMPK in goat sperm, and to elucidate the role of AMPK in sperm functions and its underlying mechanisms.
Materials and Methods

Experiment design
Experiment 1 was designed to identify the localization of AMPK and phospho-Thr172-AMPK, and to detect the effects of AMPK modulators (AICAR, metformin and Compound C) on sperm quality. Sperm were incubated with various concentrations of AICAR (0, 2, 4 mM), metformin (Met, 0, 0.5, 1, 1.5 mM) and Compound C (0, 15, 30, 45 μM) for 1 h, respectively. We found that exposure of sperm to either 2 mM of AICAR or 1mM of Met could maintain high values of sperm parameters, whereas exposure to 30 μM for Compound C led to a decrease in the values of the parameters (for all online suppl. material, see www. karger.com/doi/10.1159/000491616, Suppl. Fig. 1 ). As sperm migration from the insemination location to fertilization site takes 1-2 h in the pigs and 4 h in the horse [22] , effects of AMPK modulators on goat sperm parameters were further evaluated post 3 h of incubation. Sperm was exposed to either 2 mM of AICAR or 1mM of Met, or 30 μM of Compound C. At 3 h of incubation, we observed that it was also the case as 1 h of incubation. Therefore, these doses were used in the subsequent experiments.
Experiment 2 was to elucidate whether AMPK was related with sperm functions. The amount of phospho-Thr172-AMPK, AMPK activity, acrosome reaction and sperm parameters were detected during induction of capacitation and acrosome reaction in vitro.
Experiment 3 was to elucidate the mechanism by which AMPK regulated the functions. Firstly, to test whether AMPK activity was associated with ATP generation, sperm were incubated with AMPK modulators for 3 h of incubation. ATP content, lactate content, activity of pyruvate kinase (PK) and lactate dehydrogenase (LDH), and phospho-Thr172-AMPK were measured. Secondly, to evaluate whether AMPK modulates capacitation and acrosome reaction via regulating energetic metabolism, lactate content, ATP content, PK and LDH were assessed after capacitation and acrosome reaction. Thirdly, to verify that AMPK regulates capacitation, sperm were incubated with AMPK modulators, the total number of sperm bound to zona pellucida was counted.
Reagents and media
All chemicals were purchased from Sigma (Shanghai, China), unless specified. 5-aminoimidazole-4-carboxamide-1-beta-4-ribofuranoside (AICAR) was obtained from Beyotime Biotechnology (Nanjing, China). A23817 and Compound C were from Aladdin (Shanghai, China). Anti-p-Thr172-AMPK and anti-α-tubulin, anti-pyruvate kinase (PK) and anti-LDH antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA, USA), anti-AMPK was from Abcam (Shanghai, China), anti-phosphotyrosine (PTyr-100, 9411) was from Cell Signaling (Shanghai, China). Goat anti-rabbit IgG conjugated FITC or goat anti-mouse IgG conjugated Cy3, anti-mouse IgG conjugated horseradish peroxidase (HRP) and anti-rabbit IgG conjugated HRP were from Xi' An Zhuangzhi Biotechnology (Xian, China).
TCG extenders contained 250 mM Tris [hydroxymethyl] aminomethane, 83 mM of citric acid anhydrous and 69 mM of D (+) glucose; 300 mOsm, pH =7 [23] . Capacitation medium (CM) and Non-capacitation medium (NCM) were prepared according to Salmon et al. [24] .
Animals and semen collection
All animals and experimental procedures were approved by the Northwest A&F University Institutional Animal Care and Use Committee. Fifteen mature goats in the Xinong Saanen Dairy Goat Farm, China were used in this study. Buck were housed individually, maintained under natural daylight, fed basal diets and been free access to water. Semen was collected from each buck twice a week with an artificial vagina. Semen samples were pooled to avoid individual differences in this study. Fresh sperm were incubated in CM for up to 3 h at 38.5 °C to induce capacitation, while sperm incubated with NCM as a control (non-capacitation condition). Acrosome reaction was induced by the addition of calcium ionophore A23187 (10 μM) Immunofluorescence Sperm samples were fixed with paraformaldehyde (4%) for 5 min. The sperm were spread onto the slides, then permeabilized with 0.5% Triton X-100 in PBS. Samples were incubated overnight at 4 o C with 1:50-diluted anti-AMPK, anti-PK, anti-LDH or anti-phospho-Thr172-AMPK, then incubated with biotinylated goat anti-rabbit FITC-IgG or goat anti-mouse Cy3-IgG (1:200). Subsequently, sperm were incubated with 4',6'-diamidino-2-phenylindole (DAPI; 5 μg/mL; Sigma-Aldrich). The presence of total AMPK, PK, LDH and phospho-Thr172-AMPK were examined under a fluorescence microscopy (Nikon, Japan). Negative control was performed at the same time without the primary antibody
Western blotting
The proteins were separated by 12% SDS-PAGE and transferred onto nitrocellulose membrane (Millipore). Non-specific binding sites were blocked by incubation in Tris-buffered saline (TBS) containing 0.1% Tween-20 and 5% dry non-fat milk. The membranes were immunoblotted with primary antibodies (anti-phospho-Thr172 AMPK (62 kDa), anti-total AMPK (62 kDa), anti-phosphotyrosine (PTyr-100) and anti-α-tubulin (55 kDa)) diluted in 5% bovine serum albumin in TBS-Tween 0.1% (1:1000 dilution), followed by incubation with HRP conjugated secondary (goat anti-rabbit antibody for phospho-Thr172AMPK and total AMPK, goat anti-mouse for α-tubulin and anti-phosphotyrosine, 1:2000 dilution). The reagent for enhanced chemiluminescence (Bio-Rad) was used for detection and developed by X-ray film.
Assessment of AMPK activity AMPK activity was assessed using a AMPK ELISA Kit (CK-E79152, China) according to the manufacturer's instruction. Briefly, sperm samples were mixed with HRP-Conjugate reagent in the Microelisa stripplate, following by addition of Chromogen Solution A and B. Subsequently, stop solution was added to each well. Blank wells without sample and HRP-Conjugate reagent were set separately. The absorbance read was monitored at 450 nm using a spectrophotometer. Measurement of ATP concentration and lactate concentration ATP concentration was measured using a ATP Assay Kit (Beyotime Institute of Biotechnology, China). Briefly, samples were mixed luciferin/luciferase reagent in 96-well plates. The luminescence at integration ×1000 ms was read using an Ascent Luminoskan luminometer (Thermo Scientific, Palm Beach, FL) with BPSE as a blank.
Lactate concentration was measured using a lactate detection kit (Nanjing Jiancheng, China), according to the manufacturer's instruction. Briefly, lactate concentration was measured by detecting the NADH formed consequently to lactate oxidation by LDH with a spectrophotometry at 340 nm. BPSE was used as a blank.
Detection of pyruvate kinase and LDH activity
Activity of PK and LDH were detected using a Pyruvate Kinase Assay Kit and a LDH Assay Kit, respectively (Nanjing Jiancheng, China). Sperm pellets were lysed and centrifuged. The supernatants were used to analyze the pyruvate kinase and LDH activity according to the manufacturer's instructions.
Assessment of acrosome reaction, motility and membrane integrity
Acrosome reaction was detected by fluorescein isothiocyanate-conjugated peanut agglutinin (FITC-PNA) binding [25] . The staining was monitored and photographed with an epifluorescent microscope (80i; Nikon). As shown (see online suppl. material) in Suppl. Fig. 2A , the sperm could be classified into 2 groups: acrosome reaction (blue arrow) and acrosome no-reaction (white arrow).
Sperm motility was assessed with a computer-assisted spermatozoa analysis system (CASA) (Integrated Semen Analysis System; Hview, Fuzhou, China). A minimum of 300 sperm were observed from at least five randomly selected fields. Recorded parameters were: total motility (%), progressive motility (%), beat-cross frequency (BCF, Hz), curvilinear velocity (VCL, μm/s), straight-line velocity (VSL, μm/s), average-path velocity (VAP, μm/s), wobble (WOB, %) and linearity (LIN, %).
Membrane integrity was evaluated using a LIVE/DEAD Sperm Viability Kit (Leiden the Netherlands, L7011) [25] . Briefly, sperm suspensions were stained with SYBR-14 and PI. The staining was monitored and photographed with an epifluorescent microscope (80i; Nikon). The sperm were classified into three groups (see online suppl. material, Supp. Fig. 2B ): membrane integrity (white arrow), membrane slightly damage (black arrow) and membrane damage (blue arrow).
Assay of Chlortetracycline fluorescence and mitochondrial membrane potentials
According to Ded et al. [26] , sperm were incubated with 750 μM chlortetracycline (CTC) solution. The CTC fluorescence patterns were evaluated with an epifluorescent microscope (80i; Nikon) [27] .
JC-1 Mitochondrial Membrane Potential Detection Kit (Beyotime Institute of Biotechnology, China) was used to analyze mitochondrial membrane potentials (ΔΨm) [28] . Briefly, sperm were stained with 1×JC-1. Fluorescence intensity of both mitochondrial JC-1 monomers (λex 514 nm, λem 529 nm) and aggregates (λex 585 nm, λem 590 nm) were detected using a monochromator microplate reader (Safire II, Tecan, Switzerland). The ΔΨm was calculated as the fluorescence ratio of red (aggregates) to green (monomers).
Sperm-zona pellucida-binding assay
According to Bromfield et al. [29] , porcine ovaries were obtained from a local slaughterhouse. The oocytes were prepared from the cumulus cell-free oocytes. Twenty-five of oocytes were placed in a 50-μL droplet of fertilization medium for each group. Meanwhile, frozen-thawed sperm were incubated with AMPK activators (2 mM AICAR, 1 mM Met), or inhibitor (30 μM Compound C), CM or NCM (as a control) for 3 h. Then 50 μL of the incubated sperm suspension was added into a fertilization medium droplet containing 25 oocytes, and incubated for 2 h at 39 o C in a humidified atmosphere saturated with 5% CO 2 . Following incubation, the total number of sperm tightly bound to each of zona pellucida was counted.
Statistical analysis All data were tested for normality and variance homogeneity prior to statistical analysis. Data were analyzed with a general mixed model (with repeated measures), multiple comparisons with Tukey test was 
Results
Localization of AMPK in goat sperm
As shown in Fig. 1A , AMPK protein was strongly expressed in entire acrosomal region and the midpiece, whereas expressed with less intensity in the flagellum. Interestingly, phosphoThr172-AMPK was mainly distributed in the midpiece, with less intensity in flagellum, but undetected in acrosome (Fig. 1B) . After induction of acrosome reaction in vitro, phosphoThr172-AMPK was strongly localized in the midpiece and the head (Fig. 1C) .
AMPK phosphorylation during in vitro induction of capacitation and acrosome reaction
As shown in Fig. 2A , three CTC staining patterns were detected under an epifluorescent microscope: pattern F (non-capacitated sperm) corresponding to an even distribution of fluorescence on sperm head either with or without a bright equatorial band, pattern B (capacitated sperm) with fluorescence in the anterior portion of the head and pattern AR (acrosome reacted sperm) with no or very weak fluorescence over the head.
To elucidate whether AMPK was indeed related to capacitation and acrosome reaction, sperm were incubated in capacitation medium (CM) or with an inducer of acrosome reaction (A23817). Incubation in CM for 3 h significantly increased the percentage of pattern B sperm compared to control that was incubated in NCM (Fig. 2B) . However, incubation in CM with Compound C resulted in a significant lower percentage of pattern B cells, compared to the CM control. Moreover, percentage of Pattern F cells in CM treatment was lower than that in NCM or CM with Compound C, while it was similar between NCM and CM with Compound C treatments. Interestingly, the percentage of cells with pattern AR was similar among the three treatments. Furthermore, compared to the NCM treatment, the tyrosine phosphorylation signal of p15 kDa (a capacitation marker) increased in sperm after 3 h of incubation in CM, whereas it decreased in sperm that were exposed to Compound C, indicating a delay of capacitation (Fig. 2C) . Similarly, after induction of acrosome reaction with 10 μM A23817, the percentage of cells with Pattern AR in capacitation treatment was much higher than noncapacitation treatment. However, the capacitation treatment supplemented with Compound C decreased the Pattern AR cells (Fig. 2D) .
Importantly, compared to the non-capacitation conditions, the value of AMPK activity was higher in the treatment induced capacitation, whereas was lower in Compound C treatment (Fig. 2E) . Furthermore, during acrosome reaction, AMPK activity also significantly increased (Fig. 2E) . As shown (see online suppl. material) in Suppl. Fig. 3A , the amount of AMPK was not different among the treatments during capacitation and acrosome reaction process. However, the amount of Thr172-phosphorylated AMPK significantly increased when sperm being incubated in CM. When 30 μM of Compound C was added to CM, the signal of Thr172-phosphorylated AMPK reduced compared to that without Compound C (Fig. 2F  and 2G) . Similarly, when acrosome reaction was induced with 10 μM A23817, the intensity of Thr172-phosphorylated AMPK increased. Moreover, addition of Compound C counteracted the increase of AMPKα phosphorylation induced by A23817 (Fig. 2F and 2G) .
In addition, the value of progressive motility in the treatment incubated in CM was significantly higher than that of incubation in NCM. However, it decreased when Compound C was added to the CM (see online suppl. material, Suppl. 
acrosome reaction in vitro significantly improved the value of ΔΨm, whereas addition of Compound C significantly reduced ΔΨm (see online suppl. material, Suppl. Fig. 4 ).
AMPK activity affects acrosome reaction during incubation in TCG extender
In order to reveal whether activation of AMPK stimulated acrosome reaction during incubation, sperm were incubated in TCG extender with or without 2 mM AICAR, 1 mM Met or 30 μM Compound C at 37 o C. Motility, membrane integrity, acrosome reaction and ΔΨm were detected. As shown (see online suppl. material) in Suppl. Table 2 , addition of AICAR and Met significantly increased progressive motility compared to that of control, while supplementation of Compound C decreased it. Moreover, the values of BCF, VCL, VSL, VAP, WOB, LIN in AICAR and Met treatments were higher than that of control. On the contrary, inhibition of AMPK by Compound C decreased the aforementioned parameters (see online suppl. material, Suppl. Table  2 ). In addition, addition of AICAR or Met significantly increased membrane integrity compared to that of control, while inhibition of AMPK resulted in a reduction of membrane integrity ((see online suppl. material, Suppl. Fig. 5A ).
Interestingly, activation of AMPK by AICAR or Met enhanced acrosome reaction during incubation of sperm in TCG extender. The percentage of sperm that underwent acrosome reaction (AR pattern acrosome) in AICAR and Met treatment was significantly higher than that of control. On the contrary, inhibition of AMPK by Compound C led to a decrease in the rate of sperm with AR pattern acrosome at 3 h of in vitro In order to confirm that addition of AICAR, Met or Compound C modulated activity of AMPK, AMPK activity and its phosphorylation were detected. As shown in Fig.  3A , exposure to AICAR and Met increased AMPK activity at 1 h, 2 h and 3 h of incubation, whereas addition of Compound C decreased it (p＜0.05, Fig. 3A) . However, the amount of AMPK was not different among the treatments during 3 h of incubation (see online suppl. material, Suppl. Fig. 3B ). In addition, amount of phospho-Thr172-AMPK significantly increased at 1 h, 2 h and 3 h of exposure to AICAR or Met. In contrast, exposure to Compound C reduced the level of phospho-Thr172-AMPK (Fig. 3B  and 3C ). Moreover, compared to the control, addition of AICAR or Met increased the percentage of sperm that were positive for anti-phosphoThr172-AMPK IgG, whereas complementation with Compound C decreased the positive cells (Fig. 3D) .
AMPK activity affects sperm energetic metabolism
As shown in Fig. 4A , lactate content increased significantly in the control during incubation. Addition of AICAR or Met significantly elevated the value of lactate content at each time point, when compared to control. On the contrary, supplementation of Compound C reduced it (p < 0.05). Similarly, compared with the control, AICAR or Met significantly increased ATP content, whereas Compound C decreased it at each time point during incubation (Fig. 4B) .
To evaluate whether the activators (AICAR or Met) or inhibitor (Compound C) regulated sperm energetic metabolism, activity of PK and LDH was detected, localization and expression of PK and LDH were also assessed by immunofluorescence and western 
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blotting. As shown in Fig. 4C , when compared to the control, addition of AICAR or Met significantly increased PK activity, but supplementation of Compound C decreased the activity at each time point (p < 0.05, Fig. 4C) . Similarly, addition of AICAR or Met significantly increased the value of LDH activity, while Compound C decreased the value (Fig. 4D) . Interestingly, as shown in Fig. 5A , PK was localized in the acrosomal area and the midpiece, while LDH was expressed in the tail, strongly in midpiece (Fig. 5B) .
In order to evaluate whether AMPK modulates sperm capacitation and acrosome reaction via regulating energetic metabolism, lactate content, ATP content, activity of PK and LDH were also assessed after capacitation and acrosome reaction. Compared to NCM group, capacitation in vitro led to high level of lactate in sperm. Interestingly, exposure sperm to CM plus Compound C resulted in similar level of lactate to the NCM group (see online suppl. material, Suppl. Fig. 6A ). Moreover, induction of acrosome reaction with A23817 yielded high content of lactate, whereas Compound C attenuated the effect of A23817 (see online suppl. material, Suppl. Fig. 6A ). Similarly, ATP content significantly increased during induction of capacitation and acrosome reaction. Furthermore, addition of Compound C significantly decreased ATP content during capacitation and acrosome reaction (see online suppl. material, Suppl. Fig.  6B ). Importantly, in vitro induction of capacitation and acrosome reaction also caused an increase in the activity of PK and LDH. However, AMPK inhibitor Compound C inhibited the increase in activity of these two enzymes during these processes (see online suppl. material, Suppl. Fig. 6C and 6D) .
AMPK activity is involved in sperm capacity to bind to zona-pellucida
To verify the role of AMPK in goat sperm functions, a heterologous sperm-ZP binding assay was conducted. Zona pellucida and sperm-zona pellucida complexes were showed in Fig. 6A and 6B . In vitro induction of capacitation was used as a positive control. Incubation with either AICAR or Met led to high value of total number of sperm binding to heterologous ZP. However, Compound C counteracted the effect of AICAR (Fig. 6C ).
Discussion
As a sensor of cell energy status, AMPK regulates metabolic pathways and simultaneously inhibits ATP-consuming anabolic pathways under different energy status or stressful conditions [7] . AMPK was expressed in the acrosome, midpiece and the entire flagellum of goat sperm, which was in consistence with that in boar [30] , human [16, 17] and chicken [15] sperm. However, this observation was different to the report by Swegen et al. [31] who demonstrated that AMPK was predominantly present in the midpiece and the entire flagellum of stallion sperm. Interestingly, we found that the phospho-Thr172-AMPK was (Fig. 1B) . However, it predominantly localized in the head and the midpiece of the sperm after in vitro induction of acrosome reaction (Fig. 1C) . These observations were different with Hurtado de Llera et al. [30] , who reported that phospho-Thr172-AMPK was specially present in the most apical region of the acrosome and in the equatorial subsegment of the head, and also in the midpiece of boar sperm after being incubated with TBM or TCM. Moreover, phospho-Thr172-AMPK was present in the principal piece of tail and subequatorial region in the head of stallion sperm [14, 31] , mainly in the flagellum and acrosome and with a lower intensity in the midpiece of chicken sperm [15] . This contradiction reflects specific localization pattern of phospho-Thr172-AMPK in sperm from different species.
Capacitation is a series of morphological and metabolic changes that is necessary for sperm to achieve fertilizing ability [1] . In present study, we found that the value of phospho-Thr172-AMPK increased when goat sperm were exposed to capacitation medium. Interestingly, addition of AMPK inhibitor (Compound C) to the capacitation medium led to reduction of AMPK activity. Under the physiological condition in vivo, acrosome reaction occurs by fusion of the cytoplasmic membrane in sperm head and the underlying outer acrosomal membrane [32] , which is a necessary step for fertilization. It is well-known that calcium ionophore A23187 can induce acrosome reaction in vitro [33] . In this study, we observed that AMPK phosphorylation occurred during in vitro induction of acrosome reaction (Fig. 2F) . Inhibition of AMPK activity in goat sperm incubated in the presence of Compound C caused a significant inhibition of acrosome reaction (Fig.  2D) . Interestingly, activation of AMPK by AICAR or Met stimulated acrosome reaction during incubation in vitro. On the contrary, inhibition of AMPK by Compound C inhibited acrosome reaction (see online suppl. material, Suppl. Fig. 5B ). Moreover, activation of AMPK increased total number of sperm that bound to heterologous ZP, which suggested that AMPK enhanced sperm capacitation process [20] . The data of heterologous goat sperm-porcine zona pellucida-binding assay further confirm that AMPK activity is important for sperm functions. These findings indicate that AMPK phosphorylation occurred during induction of capacitation and acrosome reaction and that AMPK activity is indeed involved in regulation of sperm capacitation and acrosome reaction. The findings obtained in this study are agreed with a previous report that AMPK inhibition reduced acrosome reaction in chicken sperm [15] .
As AMPK is a sensor of cell energy status, we elucidated whether AMPK activity was related to energy metabolism during induction of capacitation and acrosome reaction in vitro. Either AICAR or Met activated AMPK, whereas Compound C inhibited AMPK phosphorylation. Interestingly, exposure goat sperm to AICAR or Met led to an increase of ATP production, while exposure to Compound C caused a decrease of ATP level (Fig. 4B) , which was in line with the level of AMPK phosphorylation and AMPK activity. Therefore, AMPK activity was in Fig. 7 . Diagram showing that AMPK regulates goat sperm functions. AMPK is activated by phosphorylation of the Thr172 residue, which located at the critical activation loop of the α subunit. AMPK could be modulated by activator (AICAR and Metformin) and inhibitor (Compound C). Activation of sperm with AMPK activators (AICAR or Metformin) causes increase of phospho-Thr172-AMPK, and results in an enhancing of PK and LDH activity, which improves sperm energy metabolism of glycolysis and oxidative phosphorylation (OXPHOS), then leads to promoting ATP synthesis, thus providing energy for sperm, and thus results in sperm hyperactivation and acrosome reaction. AMPK, AMP-activated protein kinase. ADP, adenosine diphosphate. ATP, Adenosine triphosphate. G6P, glucose-6-phosphate. PK, pyruvate kinase. LDH, lactate dehydrogenase. TCA, tricarboxylic acid cycle.
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Cellular Physiology and Biochemistry accordance with ATP production during the process of in vitro capacitation and acrosome reaction. Those observations were consistent with those in chicken sperm [15] and in boar sperm [18] .
In present study, we observed that phospho-Thr172-AMPK was extensively localized in the head, the midpiece and principal piece of goat sperm tail when incubated in the presence of AICAR or Met (Fig. 1C) , where ATP was synthesized via mitochondrial respiration and anaerobic glycolysis [34] . PK catalyzes the final step of glycolysis, which is one of the three rateaffecting steps of the catabolic reaction cascade. This step is highly regulated and deliberately irreversible because pyruvate is a key intermediate building block for further metabolic pathways [35] . Once pyruvate synthesized, it is transformed to lactate by LDH when oxygen is absent or in short supply. Pyruvate also enters the TCA cycle for ATP production under aerobic conditions. Interestingly, we found that PK was localized in the acrosomal area and the midpiece, while LDH was expressed in the tail. The observations were in according with Feiden et al. [36] in boar sperm and Burgos et al. [37] in mouse sperm. Exposure goat sperm to AICAR or Met enhanced activity of PK and LDH, while Compound C inhibited activity of both PK and LDH ( Fig. 4C and 4D ). Evidences have shown that lactate, one of end-product of glycolysis, was regulated by AMPK activation in granulosa/skeletal muscle cell models [38, 39] . In this study, exposure either AICAR or Met led to sperm to enhance lactate production, while Compound C made sperm generate small amount of lactate, which was similar to the finding in chicken sperm [15] .
In addition, ΔΨm is strongly related with sperm fertilization [40] . AMPK have been regarded as one of the regulators of ΔΨm in chicken [15] , mouse [41] , and boar [30] sperm. In present study, AMPK up-activation yielded higher ΔΨm, while AMPK inactivation reduced ΔΨm. These observations suggest that AMPK phosphorylation maintains the mitochondrial membrane potential in goat sperm. As the phospho-Thr172 is localized in the midpiece of the sperm tail, in which mitochondria are distributed, we speculate that AMPK is an essential metabolic checkpoint to stimulate sperm metabolism for maintaining ΔΨm.
Finally, motility and membrane integrity are important parameters for fertilization. We found that AMPK effectors AICAR and Met improved motility and membrane integrity, while Compound C decreased the two parameters during in vitro incubation. These data are agreed with those in boar sperm [13, 18] , suggesting that AMPK activity is involved in modulating sperm motility and membrane integrity. However, Nguyen et al. [15] demonstrated that Compound C alone did not affect sperm membrane integrity. This contradictory observation may be due to species and semen extenders.
In conclusion, we propose a model of AMPK function (Fig. 7) . Phospho-Thr172-AMPK was localized in midpiece and flagellum in fresh sperm, while mainly in the head and the midpiece of tail after the induced acrosome reaction. Induction of capacitation and acrosome reaction led to AMPK phosphorylation. Meanwhile, AMPK activity regulated sperm motility, membrane integrity, ΔΨm, capacitation and acrosome reaction via modulating lactate content, ATP production and the activities of energetic enzymes. This study for the first time provides evidence that AMPK governs goat sperm functions through energy metabolism in vitro. Therefore, modulating AMPK activity would be of benefit to develop novel strategies for preservation sperm in vitro. This finding will help to improve assisted reproductive techniques in goats and the other species.
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